Inactivation of the breast cancer susceptibility gene BRCA1 plays a significant role in the development of a subset of breast cancers, although the major tumor suppressor function of this gene remains unclear. Previously, we showed that BRCA1 induces antioxidant response gene expression and protects cells against oxidative stress. We now report that BRCA1 stimulates the base excision repair pathway, a major mechanism for the repair of oxidized DNA, by stimulating the activity of key BER enzymes, including 8-oxoguanine DNA glycosylase (OGG1), the DNA glycosylase NTH1, and the apurinic endonuclease REF1/APE1, in human breast carcinoma cells. The increase in BER enzyme activity appears to be due, primarily, to an increase in enzyme expression. The ability of BRCA1 to stimulate the expression of the three BER enzymes and to enhance NTH1 promoter activity was dependent upon the octamerbinding transcription factor OCT1. Finally, we found that OGG1, NTH1, and REF1/APE1 each contribute to the BRCA1 protection against oxidative stress due to hydrogen peroxide and that hydrogen peroxide stimulates the expression of BRCA1 and the three BER enzymes. These findings identify a novel mechanism through which BRCA1 may regulate the repair of oxidative DNA damage.
The base excision repair (BER) 1 pathway is an evolutionarily conserved mechanism for repair of several types of DNA lesions, including oxidative lesions, alkylation, and incorporation of inappropriate bases (1) . The primary source of these lesions is reactive oxygen species (ROS), whether generated endogenously or due to genotoxic agents. The BER pathway functions to maintain genomic integrity via a high fidelity repair process and is thus anti-mutagenic and anticarcinogenic (2) . This pathway usually has four or five enzymatic steps, involving a DNA glycosylase (eg., OGG1 or NTH1), an AP endonuclease (REF1/APE1), a DNA polymerase (eg., POLB and POLD), and a DNA ligase (LIG1 or LIG3) (3).
DNA glycosylases recognize specific subsets of damaged bases, excise the damaged base, and may also incise at the site of the excised base due to an intrinsic lyase activity (eg., OGG1 and NTH1). REF1/APE1 (the only mammalian AP endonuclease) then cleaves the abasic site to form a 3'-OH end and a 5′ deoxyribose phosphate end. The remaining steps may utilize a "long patch" or "short patch" pathway involving repair DNA synthesis and strand ligation by different sets of proteins. The preferred substrates for the DNA glycosylases OGG1 (8-oxoguanine glycosylase 1) and NTH1 (homolog of E. coli endonuclease III) are 8-oxoguanine (8-OxoG) and thymine glycol (TG) lesions, respectively. REF1/APE1 (redox factor 1/apurinic endonuclease 1) is a multifunctional enzyme with apurinic/apyrimidinic (AP) endonuclease activity and 3',5'-exonuclease, 3'-diesterase, and 3'-phosphatase activities. REF1/APE1 also has transcriptional regulatory activity independently of its function in BER (4,5). Finally, the XRCC1 protein (X-ray repair, cross-complementing defective, in Chinese hamster, 1) associates with several other proteins -polynucleotide kinase (PNK), DNA polymerase- (POLB), and DNA ligase III (LIG3) -to form a complex that repairs the single-strand DNA breaks generated during the BER process.
The breast cancer susceptibility gene BRCA1 encodes a tumor suppressor protein, mutations of which account for about 2.5-5% of all breast cancers and 40-50% of hereditary breast cancers (6) . Even in sporadic (non-hereditary) breast cancers, BRCA1 expression is absent or significantly decreased in about 30-40% of cases (7) (8) (9) . BRCA1 is a multi-functional protein that has been implicated in regulation of the cell cycle, apoptosis and chemosensitivity, various transcriptional pathways (including hormoneresponse pathways), and DNA damage signaling and repair (reviewed in (10, 11) ). Studies of its role in cellular responses to DNA damage have identified a function for BRCA1 as a caretaker in the maintenance of genomic integrity. Through interactions with other DNA repair pathway proteins, BRCA1 participates in pathways that: 1) signal DNA damage (ie., as a target for phosphorylation by up-stream kinases, such as ATM, ATR, CHEK1, and CHEK2) (12) ; 2) mediate the preferential repair of DNA doublestrand breaks by homology-directed repair [along with Rad51 and BRCA2] (13, 14) ; and 3) activate several DNA damage-responsive cell cycle checkpoints (15, 16) . BRCA1 is also a component of the BRCA-Fanconi anemia (FA) pathway, which is essential for the cellular response to DNA cross-linking agents (17) . BRCA1, along with another RING-domain protein (BARD1), exerts an E3 ubiquitin ligase function that constitutes the only known enzymatic function for BRCA1 (18, 19) .
However, it is still unclear which of these functions of BRCA1 is most important for its role in genome maintenance and suppression of breast cancer development. Here, we show that in human breast carcinoma cell lines, BRCA1 stimulates several early steps in the BER pathway through a transcriptional mechanism that involves the octamer-binding transcription factor 1 (OCT1). These findings suggest a role for BRCA1 in protecting cells against oxidative damage to DNA.
EXPERIMENTAL PROCEDURES

Cell lines and culture conditions
MCF-7 and T47D human mammary adenocarcinoma cell lines were obtained from the American Type Culture Collection (Manassas, VA). The cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, non-essential amino acids (100mM), L-glutamine (5 mM), streptomycin (100 mg/ml) and penicillin (100 U/ml) [all from BioWhittaker, Walkersville, MD, USA]. The cells were maintained at 37 o C in a humidified atmosphere of 95% air and 5% CO 2 and subcultured weekly, using trypsin (20) (21) (22) .
Oct1
-/-(Oct1 null) and Oct1 +/+ (wild-type) mouse embryonic fibroblasts were generously provided by Dr. Dean Tantin (University of Utah School of Medicine, Salt Lake City, UT (23) .
Expression vectors and reagents
The wild-type (wt) BRCA1 expression plasmid (wtBRCA1) was created by cloning the BRCA1 cDNA into the pcDNA3 vector (Invitrogen, Carlsbard, CA) using artificially engineered 5' HindIII and 3' NotI sites (21) . wt-REF1 and dominant negative (DN) REF1 expression plasmids were a kind gift from Dr. Martin L. Smith (Indiana University Cancer Center, Indianapolis, IN). DN-REF1 harbors an alanine substitution for cysteine codon at 65, predicted to block redox signaling to p53 and other REF1-responsive proteins (24) . The mutant REF1 is driven by the cytomegalovirus promoter of the pcDNA3.1 vector (25) 
NTH1 reporter assays
NTH1 luciferase (Luc) vectors driven by an 0.4 kb segment or a 1.2 kb segment of the human NTH1 promoter upstream of the translation start site (within the pGL3-Luc plasmid) were generously provided to us by Dr. Haruhiko Sugimura Hamamatsu University School of Medicine, Hamamatsu, Shizuoka, Japan (26). To assay NTH1 promoter activity, subconfluent proliferating cells in 24-well dishes were transiently transfected overnight with 0.5 µg of the indicated reporter (0.5 µg) and expression vector (wtBRCA1 or empty pcDNA3 vector) using Lipofectamine 2000 (Invitrogen) as the transfection reagent. The total transfected DNA was kept constant by addition of control vector. The transfected cells were then washed and postincubated for 24 hr complete DMEM containing 5% fetal bovine serum to allow gene expression. The cells were then harvested and assayed for luciferase activity using the Dual-Luciferase Reporter Assay System (Catalog #E1910, Promega, Madison, WI), according to the manufacturer instructions. Luciferase values were usually expressed relative to that observed in control (pcDNA3)-transfected cells, as means ± SEMs of three independent experiments. As a negative control, assays were performed using a control reporter missing the NTH1 promoter segment (pGL3-Luc).
Transient transfections
For ectopic expression, proliferating cells at about 70-80% of confluency were transfected overnight with the indicated expression vector [6 µg of plasmid DNA per well for a six-well plate or 30 µg per 10-cm dish] using Lipofectamine 2000 transfection reagent (Invitrogen) according to the manufacturer's protocol, as described before (20, 22, 27) . The transfected cells were washed and then incubated for several hours in fresh culture medium to allow them to recover.
Small interfering (si) RNA treatments
Asynchronously proliferating cells at about 30-40% of confluency were pre-treated with the siRNA of interest (100 nM for 48-72 hr) using siPORT Amine transfection reagent (Ambion, Foster City, CA). 
MTT assays of cell viability
MTT assays were performed as described before (28) . This assay is based on the ability of intact mitochondria to convert MTT, a soluble tetrazolium salt, into an insoluble formazan precipitate, which is quantified by spectrophotometry after solubilization in DMSO. After the indicated cell treatment, cells in 96-well dishes were solubilized and assayed for MTT dye reduction, based on the difference between absorbance at 570 nm and 630 nm. Cell viability was expressed as the amount of dye reduction relative to untreated control cells. Cell viability values were calculated as means ± SEMs for at least three independent experiments, each of which used 8 replicate wells per cell type and assay condition.
Western blotting
After the indicated treatment, whole cell lysates were prepared. The separated proteins were transferred to polyvinylidene fluoride membranes (Millipore, Billerica, MA) and blocked for 1 hr in blocking buffer (Sigma). The membranes were blotted with primary antibodies, followed by incubation with species-specific horseradish peroxidase (HRP)-conjugated secondary antibody (Santa Cruz) at a 1:10,000 dilution. Blotted proteins were visualized using the enhanced chemiluminescence detection system (Santa Cruz). Equal protein loading (40 g of whole cell protein) was confirmed by blotting with -actin antibody. Kaleidoscope pre-stained protein markers (BioRad) were used as molecular size standards.
The primary antibodies were as follows: 
Semi-quantitative RT-PCR analysis
Semi-quantitative RT-PCR assays were performed as described earlier (27) . Briefly, total cell RNA was extracted using the RNase Easy Mini Kit (Qiagen, Valencia, CA). Aliquots of total cell RNA (200 g) were reverse transcribed using 50 units of Superscript III reverse transcriptase (Invitrogen) in a reaction volume of 20 l. One l aliquots of transcribed cDNA were subjected to PCR amplification, using hot-start Taq Polymerase (Denville, South Plainfield, NJ). DNA was first denatured for 5 min at 95 o C, and then amplified using cycles of 30 sec at 95 o C, 30 sec at the annealing temperature, and 1 min at 72 o C, with a final 10 min incubation at 72 o C. The cycle number was adjusted so that all reactions fell within the linear range of product amplification. The forward and reverse primers, annealing temperatures, and expected sizes of the PCR products are shown in Table 1 (see online supplemental data section). The size of each PCR product was confirmed by electrophoresis through 2% agarose gels containing 0.1 mg/ml of ethidium bromide; and the gels were photographed under ultraviolet light.
Assays of BER pathway
Preparation of nuclear extracts. Nuclear extracts were prepared as described previously (29) . Cells (about 1 x 10 7 per assay condition) were washed once with PBS and re-suspended in 400 µl of hypotonic lysis buffer A [10 mM HEPES, 10 mM KCl, 0.1 mM EGTA, 0.1 mM EDTA, 1 mM dithiothreitol (DTT), 2 µg/ml leupeptin, 2 µg/ml pepstatin, and 0.5 mM PMSF, pH 7.9]. The cells were allowed to swell on ice for 15 min, after which 25 l of a 10% solution of NP-40 (Pierce, Rockford, IN) was added and the tube was vortexed vigorously for 10 sec. The nuclei were collected by centrifugation at 500 x g at 4°C for 45 sec. The supernatant was considered to be the cytoplasmic fraction. The nuclei were washed three times with buffer A to minimize cytoplasmic contamination. Nuclear proteins were extracted with 200 µl of buffer B (20 mM HEPES, 400 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 2 µg/ml leupeptin, 2 µg/ml pepstatin, and 0.5 mM PMSF, pH 7.9) by vigorous rocking at 4 o C for 30 min, followed by centrifugation at 12000 x g for 20 min at 4°C. This supernatant was considered to be the nuclear extract, which was analyzed for protein content by Bradford assay and stored at -80°C until it was used for the DNA incision or ligation assays.
DNA incision assays. The determination of different cleavage activity was performed using a modified oligonucleotide cleavage assay as described previously (30-33). 5'-FITC-labeled oligonucleotides were synthesized containing a single damaged base: 8-oxoG, thymine glycol, or a tetrahydrofuranyl (THF) artificial AP site at indicated position (see Table 2 , online supplemental data section). Oligonucleotides containing normal bases in place of the damaged bases were used as controls for specific activities. Complementary oligonucleotides were also synthesized to yield a duplex either with the wild type or damaged (modified) base containing oligonucleotide. Annealing of the oligonucleotides was performed in freshly prepared annealing buffer (10 mM Tris, 100 mM NaCl, 1 mM EDTA). The sequences of each oligonucleotide used in different assays are provided in Table 2 . Incision assay procedures are described below.
Nuclear extracts were incubated with modified 5'-FITC labeled duplex oligonucleotides, where in the presence of specific enzyme activity, the modified oligonucleotide is cleaved into smaller oligomers. As a negative control, wildtype (unmodified) 5'-FITC labeled duplex oligonucleotides were tested at the same time. Reaction mixtures (20 µl) [which contained a fixed quantity of nuclear extract (indicated in the Figures), 2.5 pmol of 5' FITC-labeled duplex oligo-nucleotide, 20 mM HEPES, 5% glycerol, 100 mM NaCl, 5mM EDTA, 5 mM DTT, 100 g/ml of BSA, and 25 g/ml of poly(dI)/poly(dC), pH 7.4] were incubated for 45-60 min at 37°C. All reactions were stopped by incubation with 0.2% SDS and 0.1 mg/ml of proteinase K at 68°C for 10 min. The DNA was extracted using phenol/ chloroform/isoamylalcohol; and the reaction mixture was then admixed with 15 µl of formamide DNA loading dye (85% formamide and 0.03 N NaOH) and heated at 95°C for 5 min. The products were separated by electrophoresis through 20% polyacrylamide gels containing 7 M urea at 300 V for 70-80 min.
The gels were washed in water and exposed in Ettan DIGE fluorescence imager cassettes (GE Healthcare, Piscataway, NJ). The gel images were analyzed using NIH-ImageJ software version 1.38X (http://rsbweb.nih.gov/ij/, NIH, Bethesda, MD). The product bands were quantified relative to the sum of the substrate and product bands and expressed as a percentage. At least three independent experiments were performed per assay type per cell line.
Ligase assay (ligase III). A 40-mer oligonucleotide (LigIII-2, see Table 2 ) was radiolabeled with [-
32 P]-ATP (Amersham) at the 5' end using T4 polynucleotide kinase and subsequently purified using a G-25 mini spin column (Amersham). The [-
32 P]-labeled 40-mer and an unlabeled 30-mer (LigIII-1, Table 2 ) were annealed to an unlabeled 70-mer complementary oligonucleotide (see Table 2 ). Fifty g of nuclear extract per assay was incubated with the annealed duplex oligonucleotide and incubated at 37 o C for 60 min in 20 l of ligation buffer (60 mM TrisHCl, pH 8.0, 10 mM MgCl 2 , 50 mg/ml BSA, 5 mM DTT, 1 mM ATP). The reaction was stopped by the addition of four volumes of formamide sample loading buffer as above, and the reaction mixture was heated to 85 o C for 10 min and then cooled rapidly on ice. The oligonucleotides were resolved on 12% polyacrylamide gel containing 7 M urea. The gels were washed briefly in water and dried on a gel dryer and subjected to autoradiography. The appearance of a 70-mer labeled product band is indicative of the ligase activity.
Statistical methods
Statistical comparisons were made using the two-tailed Student's t-test where appropriate. Data are presented as arithmetic means with error bars representing standard error of mean (SEM) calculated from at least three independent experiments.
RESULTS
Repair of thymine glycol (TG) lesions.
The TG lesion is a common oxidative DNA lesion that is typically repaired starting with an incision by the DNA glycosylase NTH1 (also called NTHL1, or endonuclease III-like 1). We tested the effects of manipulation of BRCA1 levels in MCF-7 and T47D cells on this incision reaction using FITCconjugated DNA oligonucleotides containing a TG paired with an A (see Methods section). Cells were transfected overnight with vehicle only, wild-type (wt) BRCA1, or empty pcDNA3 vector; and nuclear extracts were assayed, as described in the Methods section. As illustrated in Fig. 1A , there was very little incision of the wild-type oligonucleotide, while wtBRCA1 visibly stimulated incision of TG oligonucleotide in MCF-7 cells. When the percentage of incised DNA was calculated based on densitometry analysis for three independent experiments, it was found that wtBRCA1 increased the amount of incision by about 2.5-fold (P < 0.05) (Fig. 1B) . In addition, BRCA1 over-expression also increased the levels of NTH1 protein, as determined by Western blotting (Fig. 1C) . Very similar results were observed using T47D cells (see Figs. S1A-S1C in supplemental data section.
Conversely. knockdown of BRCA1 in MCF-7 cells using BRCA1-siRNA caused a significant reduction of incision around TG lesions, as compared with cells treated with control (CON)-siRNA or vehicle only (P < 0.05) (Figs. 1D and 1E); and BECA1 knockdown also caused a reduction of the NTH1 protein levels (Fig. 1F) . Again, very similar results were observed using T47D cells (Figs. S1D-S1F) (see supplemental data section). Taken together, these findings suggest that BRCA1 regulates NTH1 incising activity, at least in part, through regulation of NTH1 expression.
Repair of 8-OxoG lesions. 8-Oxoguanine (8-OxoG) is a signature mutagenic DNA lesion caused by oxidative stress that is repaired through BER. We tested whether BRCA1 could modulate the first step in the repair of this lesion, which involves incising of DNA around an 8-OxoG site. This step is mediated by the DNA glycosylase OGG1. This assay tests the ability of nuclear extracts to cause incision of an FITC-conjugated duplex DNA containing an 8-OxoG paired with a C. Cells were transfected overnight with vehicle only, wild-type BRCA1, or empty pcDNA3 vector; and nuclear extracts were assayed, as described in the Methods section. Here, wtBRCA1 significantly stimulated the cleavage of 8-OxoG containing oligonucleotides (but not a wild-type oligo) in MCF-7 cells (P < 0.05) (Figs. 2A and 2B). wtBRCA1 also caused an increase in the OGG1 protein levels (Figs. 2C) . Conversely, BRCA1 knockdown caused a significant reduction of OGG1 incising activity (P < 0.05) and a corresponding reduction of OGG1 protein levels (Figs. 2D-2F); and very similar findings were observed using T47D cells (see Fig. S2 , supplemental data section). These findings are consistent with the idea that BRCA1 regulates OGG1 incising activity, in part, through the regulation of OGG1 protein levels.
As a control, we also tested the ability of a full-length mutant breast cancer-associated BRCA1 protein (T300G, which encodes a point mutation of BRCA1 in the RING domain ( 61 Cys  Gly)) to alter OGG1 activity. As illustrated in Fig. S3 (supplemental data section), expression of T300G had little or no effect on OGG1-related incising activity in MCF-7 cells (Figs. S3A and S3B); while the T300G protein was wellexpressed but did not stimulate OGG1 expression (Fig. S3C ). These findings suggest that a functional BRCA1 protein is required to stimulate OGG1 activity and expression.
Repair of abasic sites. The AP endonuclease (REF1/APE1) mediates the repair of apurinic/apyrimidinic DNA lesions through multiple functionalities, including its ability to incise around AP sites. We tested the effect of BRCA1 on REF1/APE1 incising activity using FITC-labeled DNA duplex oligonucleotides containing an apyrimidinic (AP) site paired with a G nucleotide (see Methods section). Here, we found that over-expression of BRCA1 caused a significant increase in nuclear AP-incising activity in MCF-7 cells (P < 0.01); and it also caused an increase in REF1/APE1 protein levels (Figs. 3A-3C ). Conversely, knockdown of BRCA1 caused a significant reduction of AP-incising activity (P < 0.05) that was associated with a reduction of REF1/APE1 protein levels (Figs. 3D-3F ). Similar results were observed for T47D cells (Fig. S4 , supplemental data section). The effects of BRCA1 over-expression and under-expression on the protein levels of each of the three DNA glycosylases, as quantified by densitometry, corresponding to the experiments shown in Figs. 1-3, are shown in Fig. S5 .
DNA ligation activity.
As noted earlier, DNA ligase III (LIG3) forms a complex with several other proteins, including XRCC1 that mediates the repair of single-strand DNA breaks in the shortpatch BER pathway. We tested the effect of BRCA1 over/under-expression on the ability of nuclear extracts to ligate two duplex oligonucleotides (a 30-mer and a 40-mer), one of which (the 40-mer) contains a 5'-FITC label (see Methods section and Table 2 ). The product of the ligation is a 70-mer. Representative ligation assays are shown in Figs. S6A-S6D (supplemental data section) for MCF-7 and T47D cells made to overexpress or under-express BRCA1. The quantification of the results (based on three independent experiments per cell line and treatment) revealed no consistent and significant changes in ligation activity due to over-or underexpression of BRCA1 (Figs. S6E-S6G ).
BRCA1 stimulates mRNA expression of BER enzymes. We tested the effects of BRCA1 overexpression on the mRNA levels of OGG1, NTH1, XRCC1, and REF1/APE1 using semi-quantitative RT-PCR assays. All assays were carried out within the linear range of product amplification. Amplified bands were quantified by densitometry; and mRNA levels were normalized to -actin and expressed relative to the vehicle control. For both MCF-7 (Figs. 4A and 4B) and T47D (supplemental Figs. S7A and S7B ) cells, wtBRCA1 caused  2-fold increases in the mRNA levels of OGG1, NTH1, REF1/APE1, and XRCC1. In addition, in both cell lines, BRCA1 over/under expression caused a corresponding increase/decrease in XRCC1 protein levels but did not caused any change in ligase III levels (Figs. 4C,  4D , S7C, and S7D). These findings suggest that BRCA1 regulates OGG1, NTH1, REF1, and XRCC1 at the mRNA level.
BRCA1 does not directly stimulate OGG1
incision at an 8-OxoG site. Here, we tested the effects of adding purified BRCA1 or OGG1 protein directly to a nuclear extract on OGG1 incising activity. In control assays, as expected, exogenous BRCA1 both stimulated OGG1 incising activity and increased OGG1 protein levels (Figs. S8A and S7B, respectively) . However, addition of 0.25 or 0.5 µg of BRCA1 protein to an extract prepared from untransfected cells had no effect on incising activity (Fig. S8C) . In contrast, addition of 0.5 µg of OGG1 to the extract caused an obvious increase in incising activity (Fig. S8D ). Taken together with our previous results, these findings suggest that BRCA1 stimulates BER activity (at least OGG1 activity) indirectly, by stimulating gene expression.
Role of BER enzymes in BRCA1 protection
against oxidative stress. We tested the roles of several of the BER enzymes studied above in BRCA1 protection against oxidative stress due to hydrogen peroxide (H 2 O 2 ). Briefly, cells were transfected with expression vectors for the protein(s) of interest and/or treated with siRNAs of interest; exposed to different concentrations of H 2 O 2 for 24 hr; and tested for cell viability using MTT assays. Here, wtBRCA1 enhanced the survival of H 2 O 2 -treated MCF-7 cells (compared to empty vector-transfected cells) at all concentrations of H 2 O 2 ; and the increases in survival were statistically significant (P < 0.05) at several concentrations (Fig. 5A, left) (Fig. 5A, right) . We next tested the ability of wt-REF1 to rescue the reduction in survival of H 2 O 2 -treated cells due to BRCA1 knockdown. Compared with control-siRNA, BRCA1-siRNA treated cells showed significant 10-20% reductions in survival at most doses of H 2 O 2 in MCF-7 cells (Fig. 5B, left) . wt-REF1 alone (relative to pcDNA3 vector) increased MCF-7 cell survival to differing degrees, with maximal increases of 15% at some concentrations of H 2 O 2 ; and wt-REF1 rescued the reduction in survival due to BRCA1-siRNA. In fact, the survival levels of cells treated with (BRCA1-siRNA+wt-REF1) were the same as or higher than those of control cells (Fig. 5B,  right) . Similar results were observed using T47D cells (Figs. S9A and S9B, supplemental data section).
We next tested the effects of knocking down OGG1, NTH1, or REF1 expression on sensitivity to H 2 O 2 and the ability of wtBRCA1 to rescue these alterations. Here, OGG-siRNA consistently reduced survival of H 2 O 2 -treated cells in MCF-7 cells (15-20%) (Fig. 5C, left) . The survival levels of (wtBRCA1+OGG1-siRNA)-transfected cells were higher than those of cells transfected with OGG1-siRNA alone but lower than those of wtBRCA1-transfected cells at each dose of H 2 O 2 tested (Fig. 5C, right) . NTH1-siRNA consistently reduced the survival of H 2 O 2 -treated MCF-7 (Fig. 5D, left) , with reductions of up to 15%, compared to vehicle or control-siRNA treated cells. As before, wtBRCA1-transfected cells exhibited higher survival than control cells; and the survival of (wtBRCA1+NTH1-siRNA)-treated cells was similar to that of control-treated cells but higher than that of NTH-siRNA-treated cells. We performed similar experiments using REF1-siRNA to knock down endogenous REF1 rather than using a DN-REF1 expression vector. MCF-7 cells treated with REF1-siRNA alone showed survival reductions of 10-20% (compared with cells treated with control-siRNA) at intermediate doses of H 2 O 2 (Fig. 5E, left) . wtBRCA1 alone significantly enhanced the survival of MCF-7 cells at most H 2 O 2 doses. As in experiments using DN-REF1, cells transfected with (wtBRCA1+REF1-siRNA) showed lower survival than those transfected with wtBRCA1 alone. At most H 2 O 2 doses, survival of (wtBRCA1+REF1-siRNA)-treated cells was similar to or slightly lower than that of control (vehicle or control-siRNA) cells but higher than that of cells treated with REF1-siRNA alone (Fig.  5E, right) . The expression of wtREF1 and DN-REF1, and the efficacy of the knockdowns of OGG1, NTH1, and REF1 are validated in Fig. 6 . Similar results were observed using T47D cells (supplemental Figs. S9C-S9E and S10). These findings suggest that OGG1, NTH1, and REF1 each contribute to cell protection by BRCA1.
Role of transcription factor OCT1 in BRCA1 stimulation of BER enzyme expression and activity. Since the transcription factors OCT1 and NF-YA have been found to interact directly with BRCA1 and mediate BRCA1 stimulation of the GADD45 promoter (34), we tested whether these transcription factors might also contribute to BRCA1 stimulation of BER enzyme expression. T47D cells were pre-treated with control-siRNA or OCT1-siRNA (100 nM x 48 hr) and then transfected overnight with wtBRCA1 (+) or empty pcDNA3 vector (-). The cells were then postincubated for 24 ht to allow gene expression and subjected to Western blotting. Knockdown of OCT1 blocked wtBRCA1-stimulation of expression of OGG1, NTH1, and REF1/APE1 (Fig.  7A) . Based on densitometric quantification of three independent experiments, the levels of these proteins were (2.5-3)-fold higher in the presence of (CON-siRNA+wtBRCA1) than (CONsiRNA+pcDNA3 vector) (P < 0.05); and in the presence of (OCT1-siRNA+wtBRCA1), the protein levels were reduced to nearly control levels (P < 0.05) (Fig.7B) . OCT1-siRNA did not reduce the levels of these proteins to below the baseline observed in the absence of wtBRCA1; but it is noted that OCT1-siRNA typically only reduced OCT1 protein levels by 50-60%.
Next, T47D cells were treated with control-vs OCT1-siRNA and then transfected with wtBRCA1 (+) or empty vector (-) as described above; and nuclear extracts were tested for their ability to incise an FITC-conjugated oligonucleotide containing a TG paired with an A (a function of NTH1). There was little or no incision of the wild-type oligo; while OCT1-siRNA blocked the ability of wtBRCA1 to stimulate incision of the TG oligo (Fig. 7C ). Fig.  7D shows quantitative data based on three independent experiments. OCT1-siRNA caused a reduction of the % cleavage due to wtBRCA1 from 44% to 22% (P < 0.05); but cleavage in the presence of (OCT1-siRNA+wtBRCA1 was still slightly above baseline (17%). OCT1-siRNA by itself did not significantly reduce the basal cleavage level. The ability of OCT1-siRNA to block wtBRCA1-stimulated NTH1 incising activity is consistent with its ability to inhibit wtBRCA1-stimulated NTH1 expression.
Finally, while NF-YA-siRNA reduced NF-YA protein levels to the same extent or greater than OCT1-siRNA reduced OCT1 protein levels, NF-YA knockdown had little or no effect on the ability of wtBRCA1 to stimulate OGG1, NTH1, and REF1/APE1 protein expression (supplemental Fig. S11 ). Taken together, these results suggest that OCT1 but not NF-YA contributes to BRCA1 stimulation of the BER pathway.
BRCA1 regulates NTH1 promoter activity in an OCT1-dependent manner. We next tested the ability of BRCA1 to regulate the promoter activity of the NTH1 gene using two NTH1 luciferase reporters, one of which is driven by a 1.2 kb promoter segment (1.2 kb NTH1-Luc) and the other by a shorter segment (0.4 kb NTH1-Luc) (26). When transfected into T47D cells, the basal activity of the 1.2 kb NTH1-Luc reporter was slightly less than twice as active as the 0.4 kb NTH1-Luc; while the activity of the promoterless reporter plasmid (pGL3-Luc) was negligible (supplemental Fig.  S12A ). In different experiments, wtBRCA1-transfected cells showed (6-8)-fold higher NTH1 promoter activity for the 1.2 kb NTH1-Luc reporter (P < 0.001) (Fig. 8A) and (1.5-2.5)-fold higher activity for the 0.4 kb NTH1-Luc reporter (P < 0.05) (Fig. S12B) than did empty pcDNA3 vector-transfected control cells.
BRCA1-siRNA caused significant reductions in the activity of both the 1.2 kb (Figs. 8B) and 0.4 kb (S12C) promoters.
Finally, we tested the effect of OCT1-siRNA on the ability of wtBRCA1 to stimulate NTH1 promoter activity in T47D cells. In pcDNA3-transfected cells, OCT1-siRNA caused modest reductions in the 1.2 kb NTH1-Luc reporter activity that were not statistically significant, compared with control-siRNA-treated cells (Fig. 8C) . However, OCT1-siRNA blocked most of the increase in 1.2 kb NTH1-Luc activity due to wtBRCA1 (P < 0.001). Similar results were observed using the 0.4 kb NTH1-Luc reporter, although the increase in activity of this reporter due to wtBRCA1 was smaller than that observed using the 1.2 kb NTH1-Luc reporter (Fig. S12D) . These results suggest that BRCA1 regulates NTH1 promoter activity and that OCT1 is required for stimulation of NTH1 promoter activity due to BRCA1 over-expression; and they vonsistent with the finding that OCT1 knockdown blocks the increase in NTH1 protein levels due to wtBRCA1. wtBRCA1 fails to stimulate NTH1 promoter activity in Oct1 null (-/-) fibroblasts. We compared the NTH1-Luc reporter activity in Oct1 -/-mouse embryo fibroblasts (MEFs) (provided by Dr. D. Tantin) (23) with that in wildtype Oct1 +/+ MEFs. In Oct1 +/+ cells, wtBRCA1 caused a 3.7-fold increase in 1.2 kb promoter activity (P < 0.001), relative to control (pcDNA3)-transfected cells (Fig. 9A) . In contrast, wtBRCA1 caused no increase in 1.2 kb promoter activity in Oct1 -/-cells (Fig. 9B) . Similar results were observed using the 0.4 kb NTH1-Luc reporter (Figs. S13A and S13B). We noted that for both promoter segments, the basal NTH1-Luc activity was significantly greater in Oct1 +/+ cells compared with Oct1
-/-cells (P < 0.001) (Figs. 9C and S13C, respectively). Thus, even though OCT1 knockdown alone caused only a modest reduction, if any, in the basal NTH1 promoter activity in T47D cells, the absence of any functional Oct1 in Oct1 -/-is associated cause a associated with a reduction in the basal promoter activity. These findings suggest that both BRCA1 and OCT1 regulate NTH1 promoter activity. (Fig. 10B) . Fig. 10C Fig. 11A , H 2 O 2 caused obvious increases in the protein levels of BRCA1, NTH1, OGG1, and REF1/APE1 (but not actin, the loading control) at the 24 hr time point, but not the 2 hr time point). Consistent with these findings, treatment of T47D cells with 250 nM of H 2 O 2 for 24 hr also caused an increase in NTH1 incising activity (Fig. 11B) . Similar results were observed using a concentration of 500 nM of H 2 O 2 (supplemental Figs. S14A and S14B, respectively). These results are consistent with the previously described findings that knockdown of BRCA1 reduces the survival of H 2 O 2 -treated cells, since the BRCA1-siRNA is expected to block the H 2 O 2 -induced increases in BRCA1 levels, and consequently the increases in BER enzyme protein levels.
Oct1 is required for
DISCUSSION
A major finding of this study was that BRCA1 over-expression increases and underexpression decreases enzymatic activities related to the repair of oxidative DNA lesions by the BER pathway. Thus, BRCA1 stimulated the ability to incise DNA at sites of 8-oxoguanine, thymidine glycol, and an apurinic site. These early steps in the repair of oxidized DNA are related to the activities of the BER proteins OGG1, NTH1, and REF1/APE1, respectively. Consistent with these findings, BRCA1 increased the expression of each of these proteins. It seems likely that BRCA1 would also stimulate other enzymatic activities of the same proteins due to the increase in total protein levels. BRCA1 also increased the expression of XRCC1, a protein that interacts with POLB and LIG3 and facilitates the repair of the incised DNA (32) . However, BRCA1 did not alter the expression or DNA ligation activity of LIG3, suggesting that BRCA1 primarily stimulates the early steps of the BER pathway.
In a recent publication (35) , it was reported that breast cancer cells of the triplenegative phenotype (ie., those negative for estrogen receptor expression, progesterone receptor expression, and HER2/Neu overexpression/amplication), including BRCA1-mutant breast cancer cells, show a reduction in the ability to repair oxidative DNA damage by the BER pathway, although no mechanism was described. The assay used to assess BER pathway activity (repair of photodynamically-induced damage to an adenovirus plasmid containing a green fluorescent protein coding sequence) was different from those used in our study. Nevertheless, our results are consistent with the findings reported and further indicate that a BRCA1 mutation is not required to confer a reduction in BER pathway activity, since underexpression of BRCA1 due to RNA interference had the same effect.
The octamer-binding transcription factor OCT1 (so-called because it binds to a variety of specific DNA sequences of eight bases) and the CCAAT-binding transcription factor NF-YA have previously been implicated as mediators of BRCA1 stimulation of GADD45 promoter activity (34) . In this study, we found that OCT1, but not NF-YA, is required for stimulation of BER enzyme expression and activity by BRCA1, based on the use of gene-specific siRNAs. These findings suggest that BRCA1 may function as a co-activator for OCT1-dependent transcription factors. Such a role would fit the pattern observed for BRCA1 regulation of various other transcriptional pathways, in which BRCA1, which is not a sequence-specific DNA binding transcription factor, interacts with a transcription factor and functions as a co-regulator to either inhibit or stimulate its transcriptional activity (10) . A role for OCT1 in the regulation of BER protein expression is also consistent with previous studies suggesting that OCT1 functions to regulate the response to stress, including oxidative stress (36, 37) .
In the previously cited study, BRCA1 was found to interact with OCT1 and to localize to an OCT1-binding site in the GADD45 promoter (34) . Interestingly, in our study, while OCT1-siRNA block stimulation of BER enzyme expression and activity due to BRCA1 over-expression, OCT1-siRNA did not significantly reduce the basal BER enzyme expression in the absence of exogenous BRCA1. We propose that under basal conditions, BRCA1 but not OCT1 is the limiting regulatory factor. This hypothesis is consistent with the finding that BRCA1 knockdown did significantly reduce BER enzyme expression and activity. We also note that the OCT1-siRNA only reduced OCT1 protein levels by about 60%, which may not be sufficient to reduce basal enzyme expression levels. However, we did note that the basal levels of NTH1 promoter activity were lower in Oct1 -/-fibroblasts than in Oct1 +/+ fibroblasts, consistent with the idea that OCT1 does become limiting when the levels are sufficiently low.
The MTT cell viability assays revealed that protection against an oxidizing agent (H 2 O 2 ) by BRCA1 over-expression was attenuated or abrogated by inhibition or knockdown of REF1, NTH1, or OGG1, consistent with roles for these BER enzymes in cell protection by BRCA1. Our previous studies suggest that in the setting of H 2 O 2 treatment, MTT assays correlate well with trypan blue dye exclusion assays of cell survival (38) . Exogenous wt-REF1 rescued the increased sensitivity to H 2 O 2 due to BRCA1 knockdown. Interestingly, BRCA1 over-expression was still able to protect against H 2 O 2 to some degree in cells in which REF1, NTH1, or OGG1 were inhibited or under-expressed. This partial protection by BRCA1 in cells in which a single BER enzyme has been inhibited or knocked down may be related to several factors, including: 1) the ability of BRCA1 to stimulate the activity of other BER enzymes; and 2) the ability of BRCA1 to stimulate cytoprotective pathways other than DNA repair pathways. Thus, in a previous study, we showed that BRCA1 stimulates the activity of the transcription factor NFE2L2 (NRF2), which mediates the transcription of various antioxidant genes, including oxidoreductases and glutathione-S-transferases (38) . More recently, we found that BRCA1 functions to reduce the intracellular levels of reactive oxygen species (39) . Thus, BRCA1 may protect against oxidative stress by multiple mechanisms, including stimulation of expression of some of the key enzymes that repair oxidative DNA lesions.
Studies utilizing Oct1 null fibroblasts further suggest that Oct1 contributes to the survival of H 2 O 2 -treated cells and that Oct1 is required for BRCA1-mediated protection against H 2 O 2 . Additional studies utilizing human breast carcinoma cells suggest that oxidative stress due to H 2 O 2 stimulates the expression of BRCA1 and three BER enzymes (NTH1, OGG1, and REF1/APE1) and causes an increase in NTH1 incising activity. These findings help to establish the physiological relevance of BRCA1 overexpression to stimulation of the BER pathway, since they suggest that endogenous BRCA1 protein can regulate the pathway in response to oxidative damage. The latter idea is further supported by the findings that knockdown of endogenous BRCA1 causes a reduction of BER enzyme expression, BER enzyme incising activity, and survival of oxidatively stressed cells.
In addition to the above-described experiment, we note that BRCA1 over-expression may be relevant for other reasons. Thus, the range of increases in BRCA1 levels that we typically observe after transfection of cultured cells (eg., T47D and MCF-7 used in this manuscript) is about two-to five-fold. This fold change is the same as or smaller than that observed across different cell lines (some of which have endogenous BRCA1 protein levels much higher than T47D or MCF-7) and during different phases of the cell cycle (40) (41) (42) . Furthermore, Brca1 expression increases dramatically in mammary epithelial cells during puberty and pregnancy in mice and during mammary epithelial cell differentiation in vitro (43) (44) (45) (46) . These may be key windows of time during which BRCA1 tumor suppressor function is exerted.
We also note that recent studies have demonstrated a cell cycle or proliferation state dependence in the activity of some DNA repair proteins, including several in the BER pathway (47, 48) . However, our previous studies have established that while BRCA1 can contribute to stress-activated cell cycle checkpoints, neither over-expression (wtBRCA1) nor under-expression (BRCA1-siRNA) of BRCA1 significantly altered the in vitro growth rate or cell cycle distribution of established cancer cell lines grown under standard cell culture conditions (DMEM plus 5-10% fetal calf serum) (22, 49, 50) . Thus, it is unlikely that alterations in the cell cycle or cell growth state due to BRCA1 contributed significantly to the observed changes in BER enzyme activity or expression in the present study.
Since oxidative stress is though to contribute to age-related and degenerative diseases (51) , and since BRCA1 is expressed ubiquitously, our findings raise the possibility that BRCA1 could contribute to non-cancerous diseases. To our knowledge, BRCA1 mutations have not been clinically linked to non-cancer disease processes. However, we are also unaware if this issue has ever been closely investigated; and such studies should be encouraged. While BRCA1 has not been definitively linked to the aging process, it is interesting to note that mice heterozygous for Brca1 exhibit a shortened lifespan (52) and that the loss of the full-length Brca1 isoform in mice contributed to both aging and tumorigenesis (53) . Finally, centenarians have been found to exhibit certain differences in germ-line BRCA1 polymorphisms relative to control populations, suggesting a possible linked of the BRCA1 genotype to longevity (54) . Fig. 1. BRCA1 regulates DNA cleavage at a thymine glycol (TG) site. A-C. Proliferating MCF-7 cells were transiently transfected overnight with vehicle, wild-type BRCA1 (wtBRCA1), or empty pcDNA3 vector, washed, and allowed to recover for several hours prior to assay. Nuclear extracts were prepared; and 30 g aliquots were tested for their ability to incise duplex oligonucleotides containing a TG lesion, using the corresponding wild-type duplex oligonucleotide as a control. Panel A shows a representative DNA gel; while panel B shows the quantitative extents of cleavage, expressed as means ± SEMs of three independent experiments. The protein levels of BRCA1, NTH1, and -actin for the different transfection conditions are shown in panel C. D-F. MCF-7 cells were treated with BRCA1-siRNA (100 nM), control (CON)-siRNA, or vehicle only and assayed for incising activity at a TG site as described above. Panel D shows a representative DNA gel; while panel E shows the quantitative extent of cleavage. The BRCA1, NTH1, and actin protein levels for the different treatment conditions are shown in panel F. In panels B and E, an asterisk represents a statistically significant difference (P < 0.05, two-tailed t-test). Proliferating MCF-7 cells in six-well dishes were transfected overnight with the indicated expression vectors (using empty pcDNA3 vector to keep the total transfected DNA content constant); washed; post incubated in fresh medium for 24 hr to allow gene expression; harvested; and inoculated into 96-well plates in fresh medium. The cells were allowed to attach and recover for another 24 hr; exposed to the indicated concentration of H 2 O 2 for 24 hr; and tested for cell viability by MTT assays. Values plotted are means  SEMs of three independent experiments, with each experiment using 8 replicate wells per assay condition. B. MCF-7 cells in 6-well dishes were treated with BRCA1-siRNA (100 nM), CON-siRNA (100 nM), or vehicle only for 72 hr and then inoculated into 96-well plates for H 2 O 2 survival assays as described above. For combination treatments (BRCA1-siRNA+wtREF1), after incubation of the cells with siRNA (100 nM) for 24 hr, they were transfected with wtREF1 overnight and allowed to recover for another 24 hr. The cells were then harvested; inoculated into 96-well dishes; and assayed for sensitivity to H 2 O 2 as above. In the left panels, significant increases in survival due to wtBRCA1 (relative to pcDNA3 vector) or reductions in survival due to BRCA1-siRNA (relative to CON-siRNA) are indicated by an asterisk (*) (P < 0.05). In the right panels, the asterisks represent significant comparisons of (wtBRCA1 +DN-REF1) vs DN-REF alone or (BRCA1-siRNA+wtREF1) vs BRCA1-siRNA alone. C-E. Treatments with siRNA alone or combinations of siRNA plus wtBRCA1 vector and subsequent assays of cellular sensitivity to H 2 O 2 were carried out as above. The effects of siRNAs for OGG1 (C) , NTH1 (D), and REF1 (E) are shown. Cell viability values are means  SEMs of three independent experiments and are normalized to the control (vehicle only) treatment. Significant reductions in survival due to OGG1-siRNA, NTH1-siRNA, or REF1-siRNA (left panels) [relative to control (CON)-siRNA] are indicated by an asterisk (*) (P < 0.05). In right panels, increases in survival due to a combination of BER enzymesiRNA plus wtBRCA1 (relative to BER enzyme-siRNA alone) are shown by anasterisk (P < 0.05). T47D cells were treated with control (CON)-siRNA or OCT1-siRNA (100 nM x 48 hr) and then transfected overnight with either a wild-type (wt) BRCA1 expression vector (+) or empty pcDNA3 vector (-). The cells were post-incubated for 24 hr to allow gene expression and then subjected to Western blotting to detect the indicated proteins. α-Actin was used as a control for loading and transfer. Panel A shows a typical Western blot. Panel B shows quantification of these experiments by densitometry. Values plotted are means ± SEMs of the fold-change (ratio of protein/actin normalized to control-siRNA and empty vector transfection value) based on three independent experiments. C,D. T47D cells were treated with CON-siRNA or OCT1-siRNA and transfected with wtBRCA1 (+) or empty pcDNA3 vector (-), as above; and 30 g aliquots of nuclear extracts were tested for incision of duplex oligo-nucleotides containing a TG lesion, using the corresponding wild-type oligo as a control. Panel C shows a representative DNA gel; while panel C shows quantification of three separate experiments. *P < 0.05. Fig. 8 . BRCA1 regulates NTH1 promoter activity. A. T47D cells were co-transfected overnight with wtBRCA1 (or empty pcDNA3 vector) and with an NTH1 luciferase (NTH1-Luc) reporter (containing 1.2 kb of NTH1 promoter sequence upstream of the translation start site) or the empty pGL3-Luc reporter plasmid. The cells were then post-incubated for 24 hr to allow gene expression and harvested for luciferase assays. Luciferase values are expressed as fold-change relative to control conditions (=1.0) (pcDNA3+NTH1-Luc). B. T47D cells were pre-treated with CON-siRNA or BRCA1-siRNA (100 nM x 48 hr); transfected with NTH1-Luc (1.2 kb) or pGL3-Luc; and assayed as above. Luciferase values were expressed as fold-change relative to control conditions (=1.0) (CON-siRNA+NTH1-Luc). C. T47D cells were pre-treated with CON-siRNA or OCT1-siRNA; co-transfected overnight with wtBRCA1 (+) or empty vector (-) plus NTH1-Luc (1.2 kb) reporter; post-incubated for 24 hr to allow gene expression; and harvested for luciferase assays. Luciferase values are expressed as fold-change relative to control conditions (=1.0) (CON-siRNA+NTH1-Luc). In all experiments, luciferase values are means ± SEMs of three independent experiments. P values were calculated using two-tailed t-tests. +/+ vs Oct1 -/-MEFs. All values are means ± SEMs of three independent experiments. P values were calculated using two-tailed t-tests. +/+ or Oct1 -/-fibroblasts were transfected as indicated and then assayed for sensitivity to H 2 O 2 .as described in Fig. 5 legend. Significant differences in cell viability (P < 0.05) between wtBRCA1-transfected and pcDNA3 vector-transfected cells are indicated by an asterisk (*) in panels A and B. Panel C compares the survival of pcDNA3-transfected Oct1 +/+ vs Oct1 -/-fibroblasts. 
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